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Conductance Fluctuations of Mesoscopic Spin Glasses
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(Received 3 December 1990)

Magnetoresistance measurements on 1000-ppm CuMn mesoscopic spin-glass samples reveal phase-
coherent electron propagation on 0.4-pm length scales observed as conductance fluctuations and
Aharonov-Bohm resistance oscillations. Exploiting the broken time-reversal symmetry of the spin-glass
state, a unique magnetofingerprint of the specific frozen spin configuration is extracted from a pair of
resistance measurements. These "spin-glass fingerprints" are manifestly diA'erent after several thermal
histories, but are surprisingly robust upon field cycling to over 9 times the typical exchange field.

PACS numbers: 72. 15.Rn, 72. 15.Qm, 75.50.Lk

In disordered metals at sufficiently low temperatures,
electrons diffuse over large distances (lI, ) before losing
their phase coherence. The resulting quantum interfer-
ences between diffusive paths depend sensitively on the
specific locations of impurities. This is manifested in the
magnetoconductance of small samples' which exhibits
aperiodic fluctuations as the electronic phases change
each time a flux quantum No =h/e is threaded through a
phase-coherent region. Such magnetofingerprints of im-

purity configurations have been proposed as a microscop-
ic probe of the complex frozen magnetic order in a me-
tallic spin glass. In principle, different spin configura-
tions may be distinguished by the differences in their
magnetoconductances yielding information on the acces-
sible spin-glass states and some measure of their overlap.
Since the effective sample size can be easily changed by
altering the voltage probe spacing, any characteristic
length scale of the spin-glass phase, which may be a
correlation length or a size for droplet excitations, could
also be isolated if a measurable phase-coherent finger-
print were to be demonstrated. This presupposes, howev-

er, that local fields are sufficiently large to freeze-out
spin-flip dephasing, a point questioned by recent experi-
mental studies.

These difficulties are overcome in the experiments de-
scribed in this Letter, where we report observations of
phase-coherent transport in 1000-ppm mesoscopic CuMn
structures. Exploiting the broken time-reversal symme-
try of the spin-glass phase, we also show how the spin-
dependent contributions to the conductance fluctuations
can be extracted to obtain a "fingerprint" of a spin-glass
configuration. We then examine how this fingerprint
changes with temperature and field. As the system is
warmed through Tg the spin fingerprint disappears, and
upon refreezing a new one arises as the system settles
into a new state. Yet, most surprisingly, these spin
fingerprints are remarkably unchanged on field cycling to
many times the exchange field hg =kz T~/p.

To obtain a long phase breaking length I&, a dilute al-
loy [1000-atomic-ppm Cu Mn, with inter-Mn spacing
d =23 A, bulk Tg = 1.6 K, and bulk residual resistivity
p=4.3 pAcm/at. % (Ref. 5)] was selected for its large
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FIG. l. Temperature dependence of resistance for a 420-A-

thick by 2-pm-wide 1000-ppm CuMn film and a codeposited
850-900-A-wide by 2-pm-long wire in zero applied field. The
bulk T~ is shown for comparison. Inset: A scaled schematic of
one wire sample.

diffusion constant D, weak spin-orbit scattering, and
small out-of-phase susceptibility g"(ro) reflecting a more
rigidly frozen spin system. CuMn films, wires, and rings
(with linewidths (850 A, see Fig. 1 inset) were deposit-
ed to depths of 420-500 A using two different methods:
a low-pressure argon-ion sputtering technique and a
flash-evaporation method. The data were qualitatively
similar for all samples. The longest elastic mean free
path X, =310 A was obtained for sputtered samples
whose physical properties are now described.

The temperature dependence of the resistance R in

zero applied magnetic field for a sputtered wire and a
codeposited film are shown in Fig. 1. The decrease of R
with increasing T above the bulk Tg is nearly logarith-
mic and is most likely due to the Kondo effect. For
2 & T & 8 K, we find that d p(T) = —A (T)ln(T), with

A (T) varying slowly with T: A (film) =3.0 n 0 cm,
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A(wire) =1.2 nQcm. Comparing to measured values of
A =4.0 nAcm on bulk samples, these R(T) are con-
sistent with Kondo behavior suppressed by interactions
between impurities. Below T~, however, the resistance
of both sputtered and flash-evaporated films and wires
gradually saturates. This contrasts markedly with the
decrease in resistance observed in bulk samples as T
drops below Tg. The bulk behavior is usually attributed
to the freeze-out of single spin-flip scattering as the mo-
ment fully polarizes in its local field. Within this picture,
the saturation of the film and wire resistances below
0.6T~ implies a total polarization of the Mn impurities
and an unexpectedly large suppression of spin-flip
scattering relative to the bulk. Although we presently
lack a complete understanding of this suppression, the
observability of the mesoscopic eA'ects discussed below
hinges on reducing spin-flip dephasing for T & Tg from
its estimated bulk value.

The large negative magnetoresistance shown in Fig. 2
for a film can be used to infer that these samples' magne-
totransport properties are similar to bulk spin glasses.
The magnitude of the magnetoresistance is comparable
to that observed in bulk samples after scaling by the ra-
tio of magnetic to nonmagnetic scattering and is too
large (8e /h) to be attributed to weak localization. '

The near saturation at high fields suggests that the nega-
tive magnetoresistance is due to a change of the electron
elastic-scattering rate as the Mn ions polarize along the
applied field. '' At low temperatures, the inflection point
of the magnetoresistance gives a characteristic field of
order 9-11 kG, comparable to the typical exchange field

hg = kgb/p = 8 k6 expected for a spin-glass order.
Figure 2 also displays the magnetoresistance of a 2-

pm-long wire segment. The observed quantum fluctua-
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tions (a magnetofingerprint) arise from two sources: (a)
The magnetic field induces a phase shift in the electronic
wave functions, giving rise to fluctuations on a field scale
h~=@o/wl&, where w is the wire width. (b) A spin
configuration has a finite susceptibility and is distorted
by the external field: This induces conductance fluctua-
tions on a field scale h„which is determined below to be
significantly larger than h&. The magnetofingerprints are
therefore dominated by the frozen initial configuration,
and not by the spin-glass stiA'ness. At 23 mK the con-
ductance fluctuations have a peak-to-peak amplitude
AG=0. 20e /h at high fields. Their magnitude does not
change up to about 1.0 K and decreases gradually there-
after. The fluctuations possess a correlation coe%cient
C=0.94 upon cycling the magnetic field to 70 kG: The
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FIG. 2. The top three curves (left vertical scale) display the
magnetoresistance of the same film as Fig. l at diAerent tem-
peratures. The lower two traces (right vertical scale) show the
magnetoresistance of the 2-pm-long wire.

FIG. 3. (a) Conductance fluctuations in a wire segment
with a voltage probe spacing of 0.35 pm at 23 mK. The open
(solid) points refer to data acquired over a —6-6-kG (58-70-
kG) field range. (b) Aharonov-Bohm conductance oscillations
as measured in a square ring 0.4 pm on a side at 23 mK. The
open (solid) data were collected from I to 3.5 kG (50 to 52.5
kG).
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+R, , ( —H) —R,, ;(H) l.
This quantity is depicted in Fig. 4 for a 0.65-pm-long
segment as a conductance fluctuation, where the data

(2)

spin configurations are therefore quite robust upon field

cycling to 9h . The conductance Auctuations, which are
12expected in the fully polarized limit (h»hs), persist

into the spin-glass regime at fields below h~, where the
larger spin-Aip dephasing rate could destroy the quan-
tum efl'ects. This is apparent from Fig. 3(a), where the
magnetoresistance of a 0.35-pm wire section measured
between 58-70 and ~6 kG is plotted. These data are
highly repeatable; two successive low-field scans have
C=0.992. The most striking demonstration of phase-
coherent transport is given by the Aharonov-Bohm resis-
tance oscillations measured in a square-shaped ring 0.4
pm on a side, displayed in Fig. 3(b). The oscillations de-
crease in amplitude as the field is dropped from 50-52
down to 1-3.5 kG, but do not disappear. Since the con-
ductance oscillates with a period 4O, the field h& = 260 G
controls the conductance Auctuations and is therefore
significantly smaller than h, for the sample studied.

The dephasing length l& may by estimated in two
ways. From the decorrelation field h& =&ho/wl& measured
on a L =0.35 pm segment at 22 mK, we find a monoton-
ic increase of I& from 0.37 pm below 10 kG to 0.96 pm
at 60 kG. Because the Aharonov-Bohm oscillation
peak-to-peak amplitude h, G decreases exponentially with
the ring perimeter' L as AG =0.4(e /h)exp( L/21&), —
we find from Fig. 3(b) that l& ranges from 0.32 pm at
1-4 kG to 1.2 pm at 50 kG, in agreement with the first
estimate.

Since both magnetic and nonmagnetic scattering con-
tribute to the conductance Auctuations, information
about the specific spin configuration in the sample can be
obtained only by separating the spin-dependent and
spin-independent contributions to the magnetoresistance.
This is particularly important here since the fraction of
scattering (potential and spin dependent) that occurs
from the Mn spins is only 15% due to scattering from
grain boundaries and surfaces. To this end, we recall the

13Onsager-Biittiker relations

R;, (H, M) =R,, ;(—H, —M), (l)
which are valid only for a system invariant under time
reversal. Here i, v refers to a set of current and voltage
leads used to perform the measurement and M is the
magnetization. Because a frozen magnetic state breaks
time-reversal symmetry, the Onsager-Biittiker antisym-
metr ized resistance R, =

& [R;,. (H ) —R,, ; ( —H ) ] no

longer vanishes and represents the contribution from the
magnetic order. Actually, this magnetic contribution
can be further decomposed into one component R, ,
symmetric in 0 and another one R, antisymmetric in

the field. Here we will focus on the former, defined as

R. , (H) =-,' [R, , (H) R, , ( H)— —
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FIG. 4. The AG, , component (see text) of the magnetocon-
ductance Auctuations as extracted from measurements on a
segment with a 0.65-pm voltage probe spacing. The sample
was cooled from 4 K to 12 mK in 7 kG and subsequently
warmed to the indicated temperatures. The curves are oAset
vertically for clarity. The two traces at 0.9 K indicate the ex-
perimental reproducibility and have C =0.90.

were obtained on warming from 23 mK. The 23-mK
trace is very similar to the 0.9-K ones with an average
C=0.89. This implies that there is little change in the
magnetic state on this length scale below 0.9 K. As the
sample is warmed further through the bulk Tg to 2.2 K
(not shown), AG, , is only partially correlated with the
0.9-K curves, having C=0.49. By T=3.9 K, this com-
ponent of the conductance contrasts vividly with the
lower-temperature data: It has dropped into the noise
floor of the measurement. This behavior is expected if
the spins start to lose their rigidity at T~. On the other
hand, the Onsager-Buttiker symmetric components of
the conductance Auctuations did not display such a sharp
decrease in amplitude and were highly correlated across
T~ with a mean C=0.85. Similarly, the fluctuations in

R, , and R, , have diFerent temperature dependences:
The rms fluctuations of the former (latter) drop by a
factor of 0.42 (0.88) from 23 mK to 2.2 K. The associa-
tion of this "melting" behavior observed in a wire with
the bulk T~ also indicates the Mn impurities in the wire
are not appreciably oxidized.

We now determine the sensitivity of the conductance
to a specific spin configuration; i.e., how many spins must
reorient before AG, , =e /h? This sensitivity arises in

the following way. When I & l&, the resistance mea-
sured by two voltage leads may be viewed as a combina-
tion of transmission probabilities for an electron to be
scattered from one lead into another. Each transmis-14

sion amplitude between an incoming (i) and an outgoing
(o) channel can be thought of as a sum over amplitudes
corresponding to Feynman paths. Because of the
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diA'usive motion, such paths are random walks between i
and o channels consisting of segments of tubes having ra-
dius k~ ', the inverse Fermi wave vector, and of length

Any given path visits a large number of impurities,
occupying a volume v- (4trk, /kF)(L/X, ) . If the
scattering potential of a single impurity changes, it can
induce a conductance change AG = (e /h) Jf, where

f= v/V is the fraction of Feynman paths visiting the im-

purity and V the sample volume. ' For a wire of length
L =l&=0.35 pm, the number of Mn impurities con-
tained in this Feynman path volume v —2.7 XIO A is
N = v/d =20. Taking into account the fraction of
scattering due to the Mn, we find that —28% of the
I. I X 10 spins in V must reorient to produce AG =e /h,
provided each reoriented spin produces a relative phase
shift of order tr. For L =l& we can detect hG =0.07e /h.
For lengths L & I&, h, G will be reduced by a factor
(L/lt, ) I due to the random addition of each l& seg-
ment.

This technique may then be applied to measure the ex-
tent to which the spin configuration changes with T or
H. To investigate the former we measured the low-field
magnetoresistances of a L =2 pm wire at T/Ts =0.4
separated by an anneal to T/Tg =2.2 in H=O kG and
found an rms (L/lt, ) I AG, , =0.33e /h 'Th. is value
implies a large fraction of the spins in an l& long volume
reoriented due to the anneal. Such a reorientation is
refiected in the two AG, , (H) spin fingerprints, which
are typically only weakly correlated across the anneal:
C=0.34-0.68. This behavior stands in stark contrast to
cycling H starting from a zero-field-cooled configuration
to 75 k6=9h~ and back at fixed T=0.8 K. Then the
low-field fingerprints had C =0.90, implying a nearly re-
versible distortion of the spin configuration as the field
was cycled; i.e., the magnetic state of the system
remained in nearly the same energy valley even though it
had been polarized by H. '

To conclude, we have demonstrated that phase-
coherent transport is experimentally observable in a spin
glass and that information about the spin configuration
on short length scales can be obtained from a set of mag-
netoresistance measurements. We have illustrated the
method by showing that warming through Tg changes
the magnetic state far more efI'ectively than field cycling.
This powerful technique can in principle provide quanti-
tative information on the overlaps between spin-glass
configurations when the theoretical connection between
magnetoconductance traces and configuration overlaps
becomes elucidated.
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